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METHOD FOR EVALUATING 
PERFORMANCE OF A LOW EARTH ORBIT 

SATELLITE SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATION 

The present application claims priority pursuant to 35 
U.S.C. Sec. 119(e) to US. provisional application Ser. No. 
60/098,113, ?led Aug. 27, 1998, Which is hereby incorpo 
rated herein by reference in its entirety. 

BACKGROUND 

1. Technical Field 

The present invention relates generally to satellite com 
munication netWorks, and more particularly to a methodol 
ogy for evaluating performance of a loW earth orbit satellite 
(LEOS) system. 

2. Related Art 

Satellite communication systems are generally knoWn to 
facilitate Wireless communications across most areas of the 
earth’s surface. Satellite communication systems may pro 
vide Wireless coverage for mobile subscriber units in areas 
that are served neither by the public sWitched telephone 
netWork (PSTN) nor by cellular communication systems. 
The satellite communication systems may also provide a 
high bandWidth routing path for voice and data communi 
cations. 

In a satellite communication system, at least one satellite 
operates from an orbit above the earth’s surface. Interna 
tional telecommunication satellites typically operate from a 
geo-stationary orbit (GEO) that is approximately 36,000 
kilometers above earth. Alternatively, telecommunication 
satellites have also been implemented in orbits closer to 
earth in loW earth orbit satellite (LEOS) systems at an 
altitude from 700 kilometers to 2,000 kilometers or medium 
earth orbit satellite (MEOS) systems at approximately 
10,000 kilometers. 

In a LEOS system, a plurality of satellites orbit the earth 
and together provide coverage across most areas of the 
earth’s surface. As contrasted to a GEO system in Which a 
single satellite provides coverage over a substantial geo 
graphic area for all times, in a LEOS system the coverage 
area of each orbiting satellite changes over time. Thus, a ?rst 
LEOS system satellite Will provide coverage for a geo 
graphic area during a ?rst time period While another LEOS 
system satellite provides coverage for the geographic area 
for a second time period, etc. 

In a typical LEOS con?guration, satellites are organiZed 
into orbital planes. Aplurality of satellites orbits the earth in 
the orbital plane such that the satellites pass near the south 
pole and the north pole during their orbits. The satellites of 
each orbital plane are substantially uniformly distributed 
about the orbital plane and, as a Whole, provide coverage for 
a geographic area corresponding to the orbital plane. By 
providing a plurality of orbital planes, each of Which is 
separated from adjacent orbital planes by a separation angle, 
communications across a signi?cant portion of the earth’s 
surface are supported. 

The number of orbital planes, the number of satellites in 
each orbital plane, the separation of the orbital planes, the 
altitude of the satellites in each orbital plane, and the 
inclination of each orbital plane characteriZes the “constel 
lation” of the LEOS system. The constellation essentially 
describes the relative positions and motion of the satellites 
in the LEOS system. 
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2 
The LEOS system is called upon to service terrestrial 

communications betWeen source and destination. Sources 
and destinations are devices that couple communications to 
the LEOS system. Asource or destination may be a Wireless 
subscriber unit, an earth station that couples the LEOS 
system to the PSTN or another communication netWork, or 
any other Wireless device that couples to one of the satellites. 

In a LEOS system, communications are not only coupled 
from sources and destinations to satellites, but they may be 
coupled betWeen satellites as Well via intersatellite links 
(ISLs). For the purposes of overall communication path 
length evaluation, each ISL may be referred to as a “hop.” 
Each hop consumes LEOS system resources and adds delay 
to the communication. Thus, it is desirable to minimiZe the 
number of hops Within the LEOS system When coupling 
communications betWeen sources and destinations. 
HoWever, the number of hops betWeen a ?rst satellite 
servicing a source and a second satellite servicing a desti 
nation depends upon system routing behavior and the posi 
tions of the source and destination. System routing behavior 
is based not only upon programmed permissible connections 
betWeen satellites but upon the LEOS system constellation 
as Well. 

In designing and operating a LEOS system, it is important 
to evaluate the behavior of the system. HoWever, because of 
the dynamic nature of the satellites in the LEOS system and 
the time varying ISL connectivity Within the LEOS system, 
it is dif?cult to evaluate the system’s behavior. Thus, there 
is a need in the art for a methodology for evaluating system 
performance of the LEOS system. 

SUMMARY OF THE INVENTION 

To overcome the shortcomings of the prior systems and 
their operations, a method according to the present invention 
evaluates the performance of a LEOS system. The evalua 
tion may simply determine the minimum and maXimum 
number of hops required to service a particular source and 
destination pair. HoWever, the evaluation may be for the 
LEOS system as a Whole in Which many differing source and 
destination pairs are considered. This evaluation may be 
used as a modeling tool in the design of LEOS systems. 
Further, this evaluation tool may also be used to evaluate the 
performance of a LEOS system that has already been built. 
This evaluation may then be employed to determine hoW 
and When the LEOS system should be employed in servicing 
communications. 

In a particular operation according to the present 
invention, a LEOS system constellation is received that is to 
be considered. Then, a mathematical model for the LEOS 
system is determined. A source/destination location pair is 
then selected for consideration. Shortest, longest and inter 
mediate path lengths are then determined for the source/ 
destination location pair for the LEOS system. For each of 
these path lengths, the probability of occurrence of each of 
these path lengths as Well as a corresponding delay is then 
determined. Further source/destination location pairs may 
then be selected for additional consideration. Once a suf? 
cient number of source/destination location pairs have been 
considered, the performance of the LEOS system may then 
be evaluated. 

Evaluation may include shortest, longest and intermediate 
path lengths (and corresponding delay times) for particular 
source/destination pairs. Further, the evaluation may provide 
average shortest, longest and intermediate path lengths for 
the LEOS system. These determinations may be employed 
for the uses described above. 



US 6,185,407 B1 
3 

Other aspects of the present invention will become appar 
ent with further reference to the drawings and speci?cation 
that follow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A better understanding of the present invention can be 
obtained when the following detailed description of the 
preferred embodiment is considered with the following 
drawings, in which: 

FIG. 1 is a system diagram generally illustrating some of 
the components of a low earth orbit satellite (LEOS) system, 
communication systems that couple to the LEOS system and 
a plurality of devices, the performance of which is evaluated 
according to a preferred embodiment of the invention; 

FIGS. 2A and 2B are functional block diagrams illustrat 
ing the manner in which the LEOS system of FIG. 1 may be 
used to support communications; 

FIG. 3 is a logic diagram illustrating operation according 
to the present invention in evaluating performance of a 
LEOS system; 

FIG. 4 is a logic diagram illustrating operation in which 
LEOS system design is evaluated according to the present 
invention and in which the evaluation produced is employed 
in modifying the design of the LEOS system; 

FIG. 5 is a logic diagram illustrating operation according 
to the present invention in which LEOS system evaluation is 
employed to evaluate the performance of an existing LEOS 
system; 

FIG. 6 is a constellation representation of a LEOS system 
illustrating communication paths between source and desti 
nation and the manner in which communication paths vary 
over time; and 

FIG. 7 is a graph illustrating the manner in which com 
munication path lengths change over time for the source/ 
destination pair shown in FIG. 6. 

DETAILED DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a system diagram generally illustrating some of 
the components of a low earth orbit satellite (LEOS) system 
100, communication systems that couple to the LEOS sys 
tem and a plurality of source/destination devices, the per 
formance of which is evaluated according to a preferred 
embodiment of the invention. In the LEOS system 100, a 
plurality of satellites 102A—102D and 104A—104C orbit the 
earth and, in combination with earth stations 106A and 
106B, service communications for a plurality of wireless 
subscribing units 108A, 108B and 108C. The earth stations 
106A and 106B couple to the Public Switched Telephone 
Network (PSTN) and the Internet 110 (or another packet 
switched network). With these interconnections, the LEOS 
system 100 facilitates communications between mobile 
wireless subscribing units 108A—108B, ?xed wireless unit 
108C, and with telephones 112 and 114 or computers 116 
and 118, for example. The communication operations pro 
vided by the LEOS system 100 service both voice and data 
communications. These types of communications are gen 
erally known and will be described herein only to expand 
upon the teachings of the present invention. 

The LEOS system satellites are organiZed into a plurality 
of satellite groups. Each satellite group orbits about the earth 
in an orbital plane (orbital plane). Within the orbital plane, 
the satellites of the satellite group are distributed as evenly 
as possible so that the angular position between each adja 
cent pair of satellites is substantially uniform. To provide 
global coverage, the orbital planes are highly inclined rela 
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4 
tive to the equator such that the angle formed between the 
orbital plane and the equatorial plane is greater than 70 
degrees. The orbital planes are also distributed so that, at the 
equator, the distance between each adjacent pair of orbital 
planes is substantially uniform. In the example of FIG. 1, 
satellites 104A, 104B and 104C operate in a ?rst orbital 
plane while satellites 102A, 102B, 102C and 102D operate 
in a second orbital plane. 

The orbital characteristics of the satellites of a LEOS 
system are referred to as its “constellation.” In the particular 
examples provided herein, the constellation of the LEOS 
system includes: (1) twelve orbital planes; (2) twenty-four 
satellites in each orbital plane; (3) 90° inclined orbits; (4) 
15° separation among satellites within an orbital plane; (5) 
15° separation of orbital planes; and (6) each satellite is 
responsible for a 15° by 15° non-overlapping coverage 
region. In this constellation, each satellite services a geo 
graphic area of the earth’s surface. Because the satellites are 
orbiting the earth, however, the geographic area serviced by 
each satellite changes over time. 

Each communication serviced by the LEOS system 
includes a source and a destination, the source and the 
destination each representing a terrestrial terminal or earth 
station. For example, when wireless subscribing unit 108B 
communicates with telephone 112, the source is earth station 
106A while the destination is the wireless subscribing unit 
108B. In the case of this communication, the earth station 
106A is ?xed with respect to the earth’s surface. However, 
the wireless subscribing unit 108B may be mobile. In any 
case, the source and the destination reside a distance apart. 
In the case of the present example, the earth station 106A 
establishes a link with satellite 104A. Further, the wireless 
subscribing unit establishes a link with satellite 102B. 
Further, to service the communication, an intersatellite link 
(ISL) is established between satellite 102B and satellite 
104A. Because this ISL is between satellites 102B and 104A 
of differing orbital planes causing it to be in a nominally 
east-west direction, this link is referred to as a sideways ISL 
or a “horiZontal hop.” ISLs between adjacent satellites in the 
same orbit are in a nominally north-south direction and are 
referred to as “vertical hops.” 

In another example, a communication is serviced between 
computer 118 coupled to the Internet 110 and wireless 
subscriber unit 108C. The communication passes from the 
Internet 110 to earth station 106B and then on a link to 
satellite 102D. The communication is then routed on a 
vertical hop between satellite 102D and satellite 102C and 
on a link to wireless subscriber unit 108C. 

Because the satellites orbit the earth on a periodic basis, 
handoff must occur between satellites. Further, because 
relative positions of neighboring satellites change over time, 
sideways ISLs also change over time. According to the 
example discussed herein, sideways ISLs are shut off when 
either satellite reaches 60° latitude. Further, each satellite 
has six continuous ISLs constrained by the 60° limit. Two 
“East” ISLs connect to the two closest satellites in the 
adjacent orbital plane to the East and the two “West” ISLs 
connect to the two closest satellites in the adjacent orbital 
plane to the West. The “manual override” to select the longer 
ISL to a satellite that is offset by more than 15° is not 
considered. 
The following terms are used throughout in describing the 

present invention: 
Skew between orbital planes: This is the latitude of the 

subsatellite point of the closest satellite in the adjacent 
orbital plane to the East when the reference satellite 
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crosses the equator. Aligned or synchronized orbital 
planes have a skeW of Zero. The probability distribution 
function for the skeW betWeen tWo orbital planes is 
nominally uniform over the range —7.5° to 75° and 
Zero outside this range. 

Offset betWeen satellites: This is the latitude of the 
subsatellite point of a satellite in the orbital plane to the 
East When the reference satellite in the adjacent West 
orbital plane crosses the equator. The offset betWeen the 
reference satellite and the closest satellite in the adja 
cent orbital plane is equal to the skeW betWeen orbital 
planes. 

HoriZontal hop: Apath segment taken on a sideWays ISL. 
Vertical hop: A path segment taken on an ISL betWeen 

satellites Within an orbital plane. 

Best available path: This is the path that results in the 
feWest number of hops betWeen source and destination 
given the current con?guration of the satellites. 

Most favorable alignment: This is a set of skeWs and 
coverages that results in the minimum number of hops 
in the best available path. 

Most unfavorable alignment: This is a set of skeWs and 
coverages that results in the maXimum number of hops 
in the best available path. 

Over the pole: Refers to the best available path that passes 
over the north or south pole. Over the pole path lengths 
are calculated for both the most favorable alignment 
and the most unfavorable alignment. 

Around the World: Refers to a path that does not pass over 
the north or south pole. Around the World path lengths 
are calculated for both the most favorable alignment 
and the most unfavorable alignment. 

Shortest Path: Better of the over the pole and around the 
World paths in the most favorable alignment. 

Longest Path: Better of the over the pole and around the 
World paths in the most unfavorable alignment. 

FIGS. 2A and 2B are functional block diagrams illustrat 
ing the manner in Which the LEOS system of FIG. 1 may be 
used to support communications. For many 
communications, the LEOS system provides the only com 
munication option. An eXample of such a communication 
scenario occurs When a subscriber travels aWay from the 
PSTN infrastructure and any available cellular infrastruc 
ture. In such case, the LEOS system is the only available 
communication system. In another scenario, hoWever, the 
LEOS system provides a backup communication service to 
augment cellular or PSTN service. In still another scenario, 
the LEOS system provides superior service as compared to 
other communication options and the LEOS system is the 
preferred communication system. 

With particular reference to FIG. 2A, in its simplest 
incarnation, a LEOS system 202 services communications 
betWeen location 1 204 and location 2 206. Since the LEOS 
system 202 supports global communications, location 1 204 
and location 2 206 may be located at almost any point on the 
earth’s surface. Once a communication link is established, 
the LEOS system 202 supports the communication to 
completion. HoWever, because the satellites of the LEOS 
system 202 orbit the earth, the LEOS system 202 provides 
an infrastructure that is neither ?xed With respect to location 
1 204 or With respect to location 2 206. Thus, the delay 
introduced by the LEOS system 202 Will vary over the 
duration of any serviced communication. 

This variation in delay is a result of the varying number 
of hops required for communications passing through the 
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6 
LEOS system 202. Further, because the distance betWeen 
satellites for a particular communication path varies over 
time, even When the number of hops remains static, the delay 
introduced for transmission delays Will also vary over time. 
In the present embodiment, the LEOS system includes 
satellites that route communication in a packet sWitched 
manner. Assuming that a constant delay is produced in each 
sWitching operation Within a satellite, the variation in delay 
may be attributed to the varying number of ISL hops and the 
varying distances of the hops. 

Referring noW to FIG. 2B, the LEOS system services 
various types of communications. When servicing commu 
nications betWeen a Web server 252 and a computer 254, for 
eXample, the LEOS system 202 introduces a delay. The 
communication protocols employed in servicing these com 
munications may be susceptible to delays or delay variations 
that eXceed an upper limit. Thus, it may be important to 
evaluate this communication path from the aspect of delay. 
According to the present invention, this communication path 
is evaluated and the path characteristics are employed in 
servicing the communication. 

Further, in some implementations, the LEOS system 202 
may service communications betWeen a base station con 
troller (BSC) and a remotely located base station 268. The 
LEOS system 202 may also service communications 
betWeen a mobile sWitching center (MSC) 258 that couples 
to the PSTN 256 and a remotely located cellular netWork 
segment that includes a BSC 262 and base stations 264 and 
266. In another operation, the LEOS system 202 provides 
backup communication service for these devices. In either 
case, because the LEOS system 202 services these 
communications, it is important that the service it Will 
provide be evaluated. Operation according to the present 
invention is employed to evaluate this service. 

FIG. 3 is a logic diagram illustrating operation according 
to the present invention in evaluating performance of a 
LEOS system. The operation of FIG. 3 may be incorporated 
With further operations in the design of a LEOS system 
constellation and/or in evaluating the performance of a 
LEOS system after its construction. The operations 
described With reference to FIG. 3 are typically performed 
using a digital computer. In such case, the operation is 
embodied in softWare instructions that are received and 
processed by the digital computer. The results of the opera 
tion are then output for further use. These softWare instruc 
tions may be embodied upon a storage device such as one or 

more ?oppy diskettes, CD ROMs, DVDs, magnetic tapes 
and other portable storage devices. Further, these softWare 
instructions may be embodied in a hard disk drive, ROM, 
RAM and other types of storage devices and/or memory 
contained in a digital computer. The structure and operation 
of digital computers is generally knoWn and Will not be 
discussed further. HoWever, softWare instructions embody 
ing the present invention Will include instructions for 
accomplishing the operations of the present invention. 

Operation commences When the constellation de?nition is 
received (step 302). The constellation de?nition Will include 
at least the number of orbital planes, the number of satellites 
in each orbital plane, the altitude of the satellites in each 
orbital plane, the spacing of the satellites in each orbital 
plane (if not uniform) and the relative position of each 
orbital plane. Next, source/destination location pair is 
selected for consideration. As Will be discussed, in evaluat 
ing performance of the LEOS system, a large number of 
source/destination location pairs are selected and operation 
of the LEOS system is evaluated for each pair. Then, the 
individual results are considered to provide an overall sys 
tem characteristic. 



US 6,185,407 B1 
7 

Next, the around the World path length(s) are determined 
for the source/destination pair (step 306). The around the 
World path does not pass over either pole. Then, the over the 
pole path length(s) is determined for the source/destination 
pair (step 308). As indicated, this path Will pass over one of 
the poles. Then, the shortest, longest and intermediate path 
length(s) for the source/destination pair is determined (step 
310). 

In considering these differing paths, consider the chart of 
FIG. 6. The sideWays ISL connectivity for all satellites in a 
column (half orbital plane) is shoWn by connectivity of the 
second satellite in each column. The second roW is used only 
to illustrate the pattern since the satellites at this latitude Will 
quite likely have the sideWays ISLs shut off. 

To illustrate the calculation of the maximum path, each 
pair of orbital planes in the center of FIG. 6 has a very small 
negative skeW. The longer eastWard horiZontal hop for each 
satellite connects it to the satellite to the Northeast. For the 
purpose of the folloWing discussion, it is assumed, Without 
loss in generality, that the source is on the left and the 
destination is on the right. 

For simplicity, consider longitude separation and latitude 
separation independently. The number of horiZontal hops 
betWeen a source and a destination at the same latitude is a 

function of the difference in longitude and the speci?c 
location of the seams betWeen orbital planes. The satellite 
footprint is 15° across, so a source and destination separated 
by as much as 15° Will occasionally be covered by a single 
satellite. Conversely, the source and destination could have 
a very small longitude separation and still not fall into the 
coverage area of the same satellite. Thus they Will occa 
sionally not be covered by the same satellite and a horiZontal 
hop Will be required. The folloWing equations provide the 
step-Wise nature of the number of horiZontal hops based on 
the separation in longitude: 

O or 1 O°<E—W separation<15° Equation (1) 

1 or 2 15°<E—W separation<30° Equation (2) 

2 or 3 30°<E—W separation<45° Equation (3) 

n or n+1 n><15°<E-W separation<(n+1)><15° Equation (4) 

Similarly, ignoring the separation in longitude, the num 
ber of vertical hops Will be: 

0 or 1 O°<N—S separation<15° Equation (5) 

1 or 2 15°<N—S separation<30° Equation (6) 

2 or 3 30°<N—S separation<45° Equation (7) 

n or n+1 n><15°<N-S separation<(n+1)><15° Equation (8) 

Next, the longitude and latitude are considered simulta 
neously. In the most unfavorable alignment of satellite 
orbital planes, the horiZontal hops Will result in no progress 
in the desired latitude direction. In the most favorable 
alignment of satellite orbital planes, the horiZontal hops Will 
result in signi?cant progress in the desired latitude direction. 
Table 1 includes results of a particular source/destination 
pair under consideration. The maximum number of horiZon 
tal hops (max lon hops) and the maximum number of 
vertical hops (max lat hops) are those values determined by 
investigating each independently. The maximum number of 
hops is simply the sum of these tWo. 

The latitude progress that occurs in horiZontal hops must 
be evaluated to ?nd the minimum number of hops. Each 
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horiZontal hop can reduce the latitude separation that must 
be covered in vertical hops by as much as 15°. The maxi 
mum latitude gain (max lat gain) possible With the horiZon 
tal hops in the minimum hop path is equal to the minimum 
number of horiZontal hops multiplied by 15°. The useful 
latitude gain (useful lat gain) due to horiZontal hops is the 
lesser of the latitude separation and the maximum latitude 
gain. The total latitude that must be covered by latitude hops 
is the latitude separation minus this useful latitude gain. 

In the example in the table, the 5 longitude hops provide 
a useful latitude gain of 75°. Thus only 13° of latitude must 
be covered by latitude hops. The minimum number of hops 
required to cover this separation is 0 based on the same 
reasoning used to determine the number of vertical hops 
independent of longitudinal separation. The minimum num 
ber of hops is then the minimum number of longitude hops 
plus the minimum number of latitude hops. 

TABLE 1 

Around the World Calculations 

Around the 
World Use 

Min Max Max ful Min Max 
Lat Lon Lon Lon Lat Lat Lat Lat Min Max 
Sep Sep Hops Hops Gain Gain Hops" Hops Hops Hops 

88 88 5 6 75 75 O 6 5 12 

For the over the pole path, the same basic calculations are 
used for the number of vertical and horiZontal hops as 
described for the around the World path. HoWever, the 
latitude and longitude separations used for the calculation 
are different. The latitude separation is based on passing 
over the pole that gives the better path. For instance, if both 
source and destination are in the Southern Hemisphere, the 
path Will pass over the South pole. The equation for this is: 

Latitude Separation=180—|latS+latD| (latS and latD are the source 
and destination latitude) Equation (9) 

The longitude changes by 180° passing over the pole. The 
longitude separation is the angular distance remaining in the 
path after crossing the pole. This is given by: 

Longitude Separation=180+lonS-lonD (assuming 
lonS<lonD<180) Equation (10) 

Longitude Separation=mod(540+lonS—lonD, 360) generalized to 
(O<lonX<360) Equation (11) 

Using these separations, the calculation of the maximum 
number of hops is identical to the around the World case. 
The sideWays ISLs are assumed to be turned off above 60° 

latitude. This has the effect that the over the pole path Will 
include vertical hops to cover 60° of latitude separation 
passing over the pole from 60° N latitude, X° longitude to 
60° N latitude X+180° longitude. Thus, the latitude gain due 
to horiZontal hops can be no more than the latitude separa 
tion minus this 60°. The maximum latitude gain (max lat 
gain) possible With the horiZontal hops in the minimum hop 
path is equal to the minimum number of horiZontal hops 
multiplied by 15°. The useful latitude gain (useful lat gain) 
due to horiZontal hops is the lesser of the latitude separation 
minus 60° and the maximum latitude gain. The total latitude 
that must be covered by latitude hops is the latitude sepa 
ration minus this useful latitude gain. 

Table 2 summariZes the over the pole path. The shorter 
path over the pole has 148° of latitude separation. Once over 
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the pole, 92° of longitude separation remains, Which Will 
require at minimum 6 horizontal hops. In these 6 hops, as 
much as 90° of latitude could be gained as Well. HoWever, 
the useful latitude gain is 148°—60°=88°. 

TABLE 2 

Over the Pole Calculations 

Over the Pole Use 

Min Max Max ful Min Max 
Lat Lon Lon Lon Lat Lat Lat Lat Min Max 
Sep Sep Hops Hops Gain Gain Hops * Hops Hops Hops 

148 92 6 7 9O 88 4 1O 1O 17 

For the examples given in the previous sections, Which 
consider a source at —60° latitude, 0° longitude and a 
destination at 28° latitude and 88° longitude, the shortest and 
longest paths are both around the World and are 5 and 12 
hops respectively. 
And just because they are aligned in that condition, does 

not necessarily mean that the particular coverage Will 
require the additional hop, i.e., only at the instant When the 
trailing edge of the satellite footprint covering the source is 
at the source does the condition apply. When that trailing 
edge is 0.25 degree south of the source, then only 0.75 
degree of latitude change is necessary. 

Referring again to FIG. 3, When each potential path has 
been determined, a probability of communication is 
assigned for each path. The probability that in N horiZontal 
hops that it is not possible to also move at least 6) degrees 
in the desired latitude direction (north or south): 

For instance, consider the example of the previous section 
Where the unfavorable ISL connectivity resulted in requiring 
a vertical hop in addition to the 5 horiZontal hops betWeen 
a source and destination that are almost at the same latitude. 
Assume that the 2 points have a latitude separation of 1 
degree. Then the preceding equation says that the likelihood 
that the 6 orbital planes of satellites are aligned in this 
unfavorable of a condition is: 

And just because they are aligned in that condition, does 
not necessarily mean that the particular coverage Will 
require the additional hop, i.e., only at the instant When the 
trailing edge of the satellite footprint covering the source is 
at the source does the condition apply. When the trailing 
edge is 0.25 degree south of the source, then only 0.75 
degree of latitude change is necessary. This methodology 
may be applied to calculate the probability of the shortest, 
longest and intermediate path lengths at step 312. 
As Was discussed multiple source/destination locations 

are considered to evaluate the performance of the LEOS 
system. Thus, if the current source/destination pair under 
consideration is not the last (as determined at step 314) 
operation returns to step 304 for the next source/destination 
pair. If not, additional calculations are performed to evaluate 
the performance of the LEOS system. These additional 
calculations associate delay times for the shortest, longest 

Equation (1 2) 

Equation (1 3) 
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and intermediate path lengths that Were calculated at step 
310. Knowledge of the capacity of each satellite, the physi 
cal separation of the satellites along the paths and the 
velocity of propagation of the signal betWeen satellites are 
used to place bounds and probabilities on communication 
delays introduced by the LEOS system. With these delays 
calculated, the system performance for the constellation 
de?nition (and construction) may then be quanti?ed (step 
318). 

FIG. 4 is a logic diagram illustrating operation in Which 
LEOS system design is evaluated according to the present 
invention and in Which the evaluation produced may be 
employed in modifying the design of the LEOS system. 
Operation commences Wherein the LEOS system constella 
tion de?nition is initially created (step 402). Then, a math 
ematical model for the LEOS system constellation is gen 
erated (step 404) and evaluated (step 406). Step 406 
performs steps 304 through 314 of FIG. 3. Thus, after 
execution of step 406, the constellation de?nition created. at 
step 402 has been evaluated. 
At step 408, it is determined Whether the LEOS system 

constellation de?nition Was suf?cient. This determination 
considers the delay and delay variation in communications 
serviced by the LEOS system, the number of hops and 
variation in the number of hops required for communica 
tions passing across the LEOS system, or it may be based 
upon another criteria. If modi?cation of the LEOS system 
constellation de?nition requires modi?cation (is not 
sufficient), the LEOS system constellation de?nition is 
modi?ed (step 410) and operation returns to step 404. If the 
design is suf?cient and requires no further modi?cation, the 
LEOS system constellation design is incorporated into an 
actual system design. 

FIG. 5 is a logic diagram illustrating operation according 
to the present invention in Which the LEOS system evalu 
ation is employed to evaluate the performance of an existing 
LEOS system. As a ?rst step, the LEOS system constellation 
de?nition is received (step 502). Then, a mathematical 
model for the LEOS system constellation is generated (step 
504) and evaluated (step 506). Step 506 performs steps 304 
through 314 of FIG. 3. Thus, after execution of step 506, the 
constellation de?nition received at step 502 has been evalu 
ated. Then, the system design information for the satellite 
system is received (step 508) and evaluated (step 510). 
Results produced at step 510 may be employed in adjusting 
operation of a system (e.g., Wireless cellular system, Internet 
connection, etc.) that uses the LEOS system for communi 
cations. 

FIG. 6 is a constellation representation of a LEOS system 
illustrating communication paths betWeen source and desti 
nation and the manner in Which communication paths vary 
over time. Vertical columns each represent one-half of a 
orbital plane orbit of the LEOS system. The columns having 
arroWs pointing up (602B—624B) are the south-to-north 
moving halves of the orbital planes While the columns 
having arroWs pointing doWn (602A—624A) are the north 
to-south moving halves of the orbital planes. Each column 
representing a north-to-south moving half of an orbital plane 
corresponds to a column representing a south-to-north mov 
ing half of an orbital plane. For example, column 602A 
represents a north-to-south moving half of an orbital plane 
While column 602B represents the south-to-north moving 
half of the orbital plane. A seam is de?ned Where a north 
to-south moving orbital plane is adjacent a south-to-north 
moving orbital plane, e.g., 610A/612B and 610B/612A. In 
FIG. 6, the sideWays ISL connectivity for all satellites in a 
column (half plane) is shoWn by connectivity of second 
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satellite in the column. The second roW is used only to give 
the pattern because the satellites at this latitude Will quite 
likely have the sideWays ISLs shut off. 
As illustrated, there are 24 satellites in each orbital plane 

and there are 12 orbital planes in total. Thus adjacent 
satellites in the same orbital plane are separated by 15° 
relative to the center of the earth. The coverage and align 
ment of the satellites changes as the satellites move relative 
to a source and destination and relative to one another. Three 
components of the LEOS system constellation motion are 
considered in the folloWing example: 

1) North or South (vertical) motion of a satellite as it 
passes a user site; 

2) WestWard (horizontal) motion of the seam betWeen 
satellite orbital planes as the earth rotates; and 

3) Shifting of the alignment of orbital planes due to 
different orbital altitudes. 

The orbital period of a satellite in the LEOS system 
constellation at 1375 km is 6794.0 seconds and the nominal 
separation betWeen each of the satellites in an orbital plane 
is 283 seconds. Thus, every 283 seconds, a site Will be 
handed from one satellite to the next Within an orbital plane. 

The earth rotates at 15 ° per hour. The coverage boundaries 
move West at this rate. Since the Width of the orbital plane 
coverage is 15° longitude, a site Will be handed from one 
orbital plane to the next orbital plane every hour. This 
handoff from orbital plane to orbital plane Will occur for 
both the source and destination sites, but it is unlikely that 
the tWo handoffs Will occur simultaneously. As a result, for 
part of each hour, the tWo sites Will be separated by X orbital 
planes and for the remainder of the hour they Will be 
separated by X+1 orbital planes. 

The orbital period at 1377 km is 6796.7 seconds, Which is 
2.7 seconds longer than the orbital period at 1375 km. Thus, 
in just over 100 orbits, the offset Will shift by 15° (satellites 
Within an orbital plane are separated by 15° corresponding 
to 283 seconds, Which is the advance the loWer orbital plane 
makes on the higher orbital plane in 283/2.7=105 orbits.) In 
a half orbit, the offset changes by less than a tenth of a 
degree. One result of this is that the sideWays ISLs for each 
satellite can be chosen prior to each ascending pass and do 
not need to be changed during the pass. The shift determines 
the alignment of orbital planes, Which has the impact 
detailed in the preceding sections upon the path length. 
HoWever, for the folloWing, it is assumed that the alignment 
and connectivity of the orbital planes is constant While the 
short term effects of the vertical motion of the satellite and 
the horiZontal motion of the seam are considered. 

First, consider only the vertical motion of the satellites. A 
particular path (Which is the best available path) betWeen the 
source and destination through the constellation Will be used 
until either the source or the destination are handed off to 
another satellite. Call this path A. Both Will be handed off 
once every 283 seconds due to the satellite vertical motion. 
HoWever, it is unlikely that the handoffs Will occur at the 
same time. When one is handed off, a neW path, Which Will 
have one more, one less, or the same number of hops as the 
?rst path Will be used. Call this path B. Then, once the 
second site is handed off, a path parallel to and containing 
the same number of hops as path A Will be used. In 283 
seconds, path A Will be used for X seconds and path B Will 
be used for 283-X seconds. The next 283 seconds, path A‘ 
Will be used for X seconds and path B‘ Will be used for 
283-X seconds. 
NoW, consider the horiZontal motion of the seam. The pair 

of paths, A and B described in the previous paragraphs Will 
be used until either the source or the destination are handed 

15 

25 

35 

45 

55 

65 

12 
off to a satellite in the next orbital plane. Then a neW pair of 
paths, C and D, Will be used. In general, the number of hops 
Will increase if this handoff resulted in an increase in the 
number of satellite seams betWeen the source and destina 
tion and Will decrease if it resulted in a decrease in the 
number of seams. HoWever, the alignment of the orbital 
planes may be such that this general rule does not hold. In 
an hour, paths A and B Will be used for Y seconds, then paths 
C and D Will be used for 3600-Y seconds. Then paths E and 
F Will be used for Y seconds folloWed by G and H for 
3600-Y seconds. 

Several additional path examples are also shoWn in FIG. 
6. For simplicity, the frame of reference is the satellite 
constellation. The source/destination pairs all have the same 
separation. The path length ?ips back and forth betWeen 3 
and 4 as the path used changes from A to B and back again. 
Then the path length ?ips back and forth betWeen 4 and 5 for 
paths C and D. HoWever, the path length does not change as 
the path alternates betWeen E and F. The instantaneous path 
length change appears to be limited to :2 hops at an orbital 
plane change. 
As shoWn in FIG. 6, the path can change from the most 

favorable condition to the most unfavorable in a number of 
hours equal to the number of hops difference betWeen the 
maximum and minimum path. In this case, the minimum is 
3, the maximum is 7, and path N Will occur roughly 4 hours 
after E. 

FIG. 7 is a graph illustrating the manner in Which com 
munication path lengths change over time for the source/ 
destination pair shoWn in FIG. 6. In the constellation 
representation, each block represents a particular satellite in 
the system for a particular point in time. The horiZontal 
separation of the source and destination is such that Y is 
approximately 1800 seconds. Each hour, the path ?ips 
betWeen one pair for 30 minutes and then betWeen the next 
pair for the remaining 30 minutes. The vertical separation is 
such that in pairs A/B and C/D, X is approximately 56 
seconds (20%). X is 0 for pair E/F and it is 112 seconds 
(40%) for pair M/N. For the A/B pair, the path length is 3 for 
231 seconds and then 4 for 56 seconds. This repeats six 
times in the 30 minutes. The path length Was only calculated 
for the 4 pairs. Thus the blank portion in the center of the 
plot betWeen values for path pair E/F and pair M/N. 

While the invention is susceptible to various modi?ca 
tions and alternative forms, speci?c embodiments thereof 
have been shoWn by Way of example in the draWings and 
detailed description. It should be understood, hoWever, that 
the draWings and detailed description thereto are not 
intended to limit the invention to the particular form 
disclosed, but on the contrary, the invention is to cover all 
modi?cations, equivalents and alternatives falling Within the 
spirit and scope of the present invention as de?ned by the 
claims. 
What is claimed is: 
1. Amethod for evaluating the performance of a loW earth 

orbit satellite system, the method comprising: 
receiving a loW earth orbit satellite constellation for the 

loW earth orbit satellite system; 
considering a source and a destination; 
determining a shortest path length employed to service a 

communication betWeen the source and the destination; 
determining the longest path length employed to service 

a communication betWeen the source and the destina 
tion; and 

determining the probability of occurrence of both the 
shortest path length and the longest path length to 
produce an evaluation of the loW earth orbit satellite 
system. 
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2. The method of claim 1, further comprising combining 
the probability of occurrence of the shortest path length and 
the longest path length to produce an overall evaluation of 
the loW earth orbit satellite system. 

3. The method of claim 1, further comprising: 
determining delays associated With the shortest path 

length and the longest path length; and 
combining the probability of occurrence of the shortest 

path length and the longest path length and the delays 
associated With the shortest path length and the longest 
path length to produce an overall evaluation of the loW 
earth orbit satellite system. 

4. The method of claim 1, further comprising: 
determining at least one intermediate path length 

employed to service a communication betWeen the 
source and the destination; and 

determining the probability of occurrence of the at least 
one intermediate path length. 

5. The method of claim 4, further comprising combining 
the probability of occurrence of the shortest path length, the 
longest path length and the at least one intermediate path 
length to produce an overall evaluation of the loW earth orbit 
satellite system. 

6. The method of claim 4, further comprising: 
determining delays associated With the shortest path 

length, the longest path length and the at least one 
intermediate path length; and 

combining the probability of occurrence of the shortest 
path length, the longest path length and the at least one 
intermediate path length and the delays associated With 
the shortest path length, the longest path length and the 
at least one intermediate path length to produce an 
overall evaluation of the loW earth orbit satellite sys 
tem. 

7. The method of claim 1, Wherein a path length includes 
a number of intersatellite hops betWeen the source and the 
destination. 

8. The method of claim 1, further comprising modifying 
the loW earth orbit satellite constellation based upon the 
evaluation. 

9. The method of claim 1, further comprising determining 
Whether the loW earth orbit satellite system provides suffi 
cient performance for a communication betWeen the source 
and the destination based upon the evaluation. 

10. A method for evaluating the performance of a loW 
earth orbit satellite system, the method comprising: 

receiving a loW earth orbit satellite constellation for the 
loW earth orbit satellite system; 

considering a plurality of source and destination pairs; 
for each source and destination pair: 
determining a shortest path length employed to service a 

communication betWeen the source and the destination; 
determining the longest path length employed to service 

a communication betWeen the source and the destina 
tion; and 

determining the probability of occurrence of both the 
shortest path length and the longest path; and 

combining the probability of occurrence of the shortest 
path length and the longest path length for the plurality 
of source and destination pairs to produce an overall 
evaluation of the loW earth orbit satellite system. 

11. The method of claim 10, further comprising: 
for each source and destination pair, determining delays 

associated With the shortest path length and the longest 
path length; and 
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combining the probability of occurrence of the shortest 

path length and the longest path length for each source 
and destination pair and the delays associated With the 
shortest path length and the longest path length for each 
source and destination pair to produce an overall evalu 
ation of the loW earth orbit satellite system. 

12. The method of claim 10, further comprising, for each 
source and destination pair: 

determining at least one intermediate path length 
employed to service a communication betWeen the 
source and the destination; and 

determining the probability of occurrence of the at least 
one intermediate path length. 

13. The method of claim 12, further comprising combin 
ing the probability of occurrence of the shortest path length, 
the longest path length and the at least one intermediate path 
length for each source and destination pair to produce an 
overall evaluation of the loW earth orbit satellite system. 

14. The method of claim 12, further comprising: 
for each source and destination pair, determining delays 

associated With the shortest path length, the longest 
path length and the at least one intermediate path 
length; and 

combining the probability of occurrence of the shortest 
path length, the longest path length and the at least one 
intermediate path length for each source and destina 
tion pair and the delays associated With the shortest 
path length, the longest path length and the at least one 
intermediate path length for each destination pair to 
produce an overall evaluation of the loW earth orbit 
satellite system. 

15. The method of claim 10, Wherein a path length 
includes a number of intersatellite hops betWeen the source 
and the destination. 

16. The method of claim 10, further comprising modify 
ing the loW earth orbit satellite constellation based upon the 
evaluation. 

17. A computer readable medium that contains softWare 
instructions that, upon execution by a digital computer, 
causes the digital computer to evaluate the performance of 
a loW earth orbit satellite system, the computer readable 
medium comprising: 

a plurality of softWare instructions that cause the digital 
computer to receive a loW earth orbit satellite constel 
lation for the loW earth orbit satellite system; 

a plurality of softWare instructions that cause the digital 
computer to consider a source and a destination; 

a plurality of softWare instructions that cause the digital 
computer to determine a shortest path length employed 
to service a communication betWeen the source and the 

destination; 
a plurality of softWare instructions that cause the digital 
computer to determine the longest path length 
employed to service a communication betWeen the 
source and the destination; and 

a plurality of softWare instructions that cause the digital 
computer to determine the probability of occurrence of 
both the shortest path length and the longest path length 
to produce an evaluation of the loW earth orbit satellite 
system. 

18. The computer readable medium of claim 17, further 
comprising: 

a plurality of instructions that cause the digital computer 
to combine the probability of occurrence of the shortest 
path length and the longest path length to produce an 
overall evaluation of the loW earth orbit satellite sys 
tem. 
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19. The computer readable medium of claim 17, further 
comprising: 

a plurality of instructions that cause the digital computer 
to determine delays associated With the shortest path 
length and the longest path length; and 

a plurality of instructions that cause the digital computer 
to combine the probability of occurrence of the shortest 
path length and the longest path length and the delays 
associated With the shortest path length and the longest 
path length to produce an overall evaluation of the loW 
earth orbit satellite system. 

20. The computer readable medium of claim 17, further 
comprising: 

a plurality of instructions that cause the digital computer 
to determine at least one intermediate path length 
employed to service a communication betWeen the 
source and the destination; and 

a plurality of instructions that cause the digital computer 
to determine the probability of occurrence of the at 
least one intermediate path length. 

21. The computer readable medium of claim 20, further 
comprising a plurality of instructions that cause the digital 
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computer to combine the probability of occurrence of the 
shortest path length, the longest path length and the at least 
one intermediate path length to produce an overall evalua 
tion of the loW earth orbit satellite system. 

22. The computer readable medium of claim 20, further 
comprising: 

a plurality of instructions that cause the digital computer 
to determine delays associated With the shortest path 
length, the longest path length and the at least one 
intermediate path length; and 

a plurality of instructions that cause the digital computer 
to combine the probability of occurrence of the shortest 
path length, the longest path length and the at least one 
intermediate path length and the delays associated With 
the shortest path length, the longest path length and the 
at least one intermediate path length to produce an 
overall evaluation of the loW earth orbit satellite sys 
tem. 


